Polygalacturonases specifically hydrolyze polygalacturonate, a major constituent of plant cell wall pectin. To understand the catalytic mechanism and substrate and product specificity of these enzymes, we have solved the x-ray structure of endopolygalacturonase II of Aspergillus niger and we have carried out site-directed mutagenesis studies. The enzyme folds into a right-handed parallel ␤-helix with 10 complete turns. The ␤-helix is composed of four parallel ␤-sheets, and has one very small ␣-helix near the N terminus, which shields the enzyme's hydrophobic core. Loop regions form a cleft on the exterior of the ␤-helix. The plant cell wall consists of a network of complex carbohydrates like cellulose, hemicellulose, and pectin. The latter is the most complex of these carbohydrates. It contains so-called "smooth regions" and "hairy regions." The smooth regions, also known as homogalacturonan, consist of ␣(1,4)-linked D-galacturonic acid residues, whereas the hairy regions, or rhamnogalacturonan I, are characterized by stretches of alternating ␣(1,2)-linked D-galacturonic acid and L-rhamnose (1). The rhamnose residues can be substituted at their O4 atoms by arabinose or galactose (2). Throughout the pectin molecule, the galacturonic acid residues can be methylated at O6 and/or acetylated at O2 and/or O3 (3). Due to its complex structure, modification of pectin by plants or complete breakdown by microorganisms requires many different enzymes.
The plant cell wall consists of a network of complex carbohydrates like cellulose, hemicellulose, and pectin. The latter is the most complex of these carbohydrates. It contains so-called "smooth regions" and "hairy regions." The smooth regions, also known as homogalacturonan, consist of ␣(1,4)-linked D-galacturonic acid residues, whereas the hairy regions, or rhamnogalacturonan I, are characterized by stretches of alternating ␣(1,2)-linked D-galacturonic acid and L-rhamnose (1) . The rhamnose residues can be substituted at their O4 atoms by arabinose or galactose (2) . Throughout the pectin molecule, the galacturonic acid residues can be methylated at O6 and/or acetylated at O2 and/or O3 (3). Due to its complex structure, modification of pectin by plants or complete breakdown by microorganisms requires many different enzymes.
In microorganisms several classes of pectinases have been identified. These classes comprise pectate-, pectin-, and rhamnogalacturonan lyases, rhamnogalacturonan hydrolases, and polygalacturonases, which all depolymerize the main chain; and pectin methylesterases and pectin-and rhamnogalacturonan acetylesterases, which act on the substituents of the main chain. Crystal structures are known of members of several classes of main chain depolymerizing pectinases. These include pectate lyases from Erwinia chrysanthemi and Bacillus subtilis (4 -6) , pectin lyases from Aspergillus niger (7, 8) , and rhamnogalacturonase A from Aspergillus aculeatus (9) . Recently, the crystal structure of endopolygalacturonase from the bacterium Erwinia carotovora was solved (10) . The lyases cleave the substrate by ␤-elimination, whereas rhamnogalacturonases and polygalacturonases use acid/base-catalyzed hydrolysis (11, 12) . Despite their completely different reaction mechanisms, and their groupings in different sequence homology families, the x-ray structures of pectate lyase, pectin lyase, and rhamnogalacturonase reveal a similar unique right-handed parallel ␤-helix topology (13, 14) .
Together with the rhamnogalacturonases, the polygalacturonases have been assigned to family 28 of glycosyl hydrolases (15) . Both endopolygalacturonase II and rhamnogalacturonase A act with inversion of configuration (16, 17) , suggesting that the other family 28 glycosyl hydrolases also cleave their substrate with inversion of the anomeric configuration. The rhamnogalacturonases are specific for the strictly alternating ␣(1,4)-D-GalA-␣(1,2)-L-Rha 1 sequence (11) . In contrast, the polygalacturonases hydrolyze the ␣(1,4)-glycosidic bonds between adjacent galacturonic acid residues in the "smooth" part of the pectin molecule (12) . However, the presence of a complete family of seven endopolygalacturonase encoding genes in A. niger (18) raises the intriguing question whether their gene products are all targeted to the same homogalacturonan part or whether some prefer other parts of the pectin molecule. Indications for the latter possibility have been recently described for endopolygalacturonase E from A. niger (19) .
To understand the differences in action between the various endopolygalacturonases and to identify the residues that are critical for activity, we have elucidated the crystal structure of A. niger endopolygalacturonase II and have investigated the role of various residues in the active site by site-directed mutagene-sis. These data enable us to propose for the first time a catalytic mechanism for family 28 glycosyl hydrolases.
EXPERIMENTAL PROCEDURES
Protein Purification, Crystallization, and X-ray Data CollectionThe pgaII gene was cloned and overexpressed, and the protein was purified as described (20) . Upon secretion, the N-terminal 27 residues are cleaved off, resulting in the 35-kDa mature endopolygalacturonase II. This mature protein consists of 335 amino acids, numbered 28 -362, and was shown to be heterogeneously glycosylated at Asn 240 (21) . Previously, a crystallization protocol of endopolygalacturonase II was published in which the enzyme was crystallized from ammonium sulfate (22) . However, that procedure very often resulted in the growth of twinned crystals. Much higher quality crystals could be obtained by crystallizing endopolygalacturonase II from PEG8000. We used sitting drop set-ups with a reservoir solution containing 100 mM sodium acetate, pH 6.0, 100 mM ZnSO 4 , and 11-13% (w/v) PEG8000, and a drop containing a mixture of 2 l of reservoir solution and 2 l of protein solution (9 mg/ml in 10 mM sodium acetate, pH 6.0). Crystals of variable size, up to 0.2 ϫ 0.4 ϫ 0.5 mm 3 , grew in 2-3 weeks. The crystals belong to space group P2 1 2 1 2 with cell dimensions a ϭ 49.07 Å, b ϭ 201.24 Å, c ϭ 65.50 Å at 120 K, and two molecules per asymmetric unit. The Matthew's number, V M , is 2.31 (assuming a molecular mass of 35 kDa and 8 molecules in the unit cell), indicating a solvent content of approximately 46.8%.
Prior to data collection and heavy atom soaking experiments, the crystals were soaked for at least 12 h in an artificial mother liquor containing 2.0 mM ZnSO 4 , 15% (w/v) PEG8000, and 100 mM HEPES buffer, pH 7.5, for the native data set, the platinum derivative, and the mercury derivative, or 100 mM MES buffer, pH 6.5, for the silver derivative. Subsequently, crystals were soaked in artificial mother liquor containing the heavy atom compound (see Table I for details on soaking time and concentrations), whereafter the crystals were soaked for 15 min in a cryoprotectant (artificial mother liquor containing 25% v/v glycerol). This was directly followed by flash freezing of the crystal in a stream of evaporating nitrogen gas.
Native data were collected on the protein crystallography beam line at the ELLETRA Syncrotrone di Trieste, with a MAR image plate with ϭ 1.0 Å. All derivative data sets were collected in house with a MacScience DIP-2030H image plate with CuK ␣ x-rays from a NONIUS FR591 rotating anode generator equipped with MacScience MAC-XOS double mirror focusing optics. Data were processed with DENZO and SCALEPACK (23) .
Structure Determination-The structure of endopolygalacturonase II was determined by multiple isomorphous replacement with three heavy atom derivatives. The data of the crystal soaked in K 2 PtCl 4 gave rise to a low (4 ), yet consistent peak in a difference Patterson map. With phases calculated from this single platinum position, three more platinum positions were found in difference Fouriers. With the initial phases thus obtained, 11 heavy atom binding sites were established from difference Fouriers in the mercury derivative and 4 in the silver derivative. Refinement of the heavy atom parameters and phase calculations were carried out with the PHASES package (24) . Both the isomorphous and the anomalous differences were included. The final MIRAS phases determined to 2.5-Å resolution had an overall figure of merit of 0.68. To improve these phases, solvent flattening was done with the DM (25) program from the CCP4 package (26) . At this stage, a 2.5-Å electron density map was calculated and visually inspected with the program O (27) . Although the map was judged to be interpretable, the phases were further improved and extended to 1.68 Å using the wARP procedure (28, 29) before any model building was attempted. After completion of the wARP procedure, model building was done with the aid of an automatic tracing procedure (30) . In an iterative procedure the positions of dummy atoms from the best, lowest R-factor wARP dummy model were used in combination with the amino acid sequence to automatically trace the polypeptide chain, followed by improvement of the positions of the remaining (not yet assigned) dummy atoms with ARP (31) . With this procedure 97% of the main chain and about 50% of 
i R sym (highest resolution shell) is better than R sym (overall) due to an ice ring in the diffraction pattern.
the side chains of the protein could be automatically interpreted. In the first molecule 331 of the 335 amino acid residues had their main chain and 45% of their side chains automatically fitted. A "frameshift" of one residue was observed for the first 60 amino acids, which was corrected manually. For the second molecule 322 amino acids had their main chain automatically built, with about 58% of their side chains fitted into the electron density. The model building was completed manually with the program O, making use of the two-fold non-crystallographic symmetry. In the second molecule two loops (10 and 6 amino acids) were initially left out due to unclear electron density.
The model thus obtained was refined using X-PLOR (32) .
To monitor the refinement procedure, 5% of the reflections were left out of the refinement as a test set. Refinement cycles were alternated with manual rebuilding sessions with the program O. The two missing loops in the second molecule were gradually built in. The two molecules are very similar, superimposing with an r.m.s. ). Most of these residues are located in loop regions. Water molecules were added to the structure with ARP. During the refinement procedure, clear electron density representing an N-acetylglucosamine residue appeared in both molecules. This GlcNAc was built in, connected to Asn 240 . No electron density was observed for additional sugar units of this glycan. The geometry of the final model was checked with PROCHECK (33) (see also Table I ).
RESULTS
Structure Determination of Endopolygalacturonase II-Details of the structure determination and the crystallographic refinement can be found in Table I ). The geometry of the model is good. In the Ramachandran plot, taking into account only the non-glycine and non-N-or -Cterminal residues, 484 residues (82.9%) are in the most favored region, 98 residues (16.8%) in the generously allowed regions, and 2 residues (0.3%) in the additionally allowed regions.
Overall Structure of Endopolygalacturonase II-Endopolygalacturonase II folds into a right-handed parallel ␤-helical structure comprising 10 complete turns ( Fig. 1) with overall dimensions of approximately 65 Å ϫ 35 Å ϫ 35 Å. The number of amino acids per turn varies from 22 to 39, averaging to 29 residues per turn. This variation is caused by the diversity of lengths of the loops connecting the ␤-strands. The average rise per turn is 4.8 Å, a value typical for ␤-helical structures (13, 14) . The ␤-helix is formed by four parallel ␤-sheets, named PB1, PB2a, PB2b, and PB3. This naming was adopted to be consistent with the naming of the ␤-sheets in the pectate lyase structure, the first right-handed parallel ␤-helical structure that was solved (4) . In contrast to the three ␤-sheets in pectate lyase, the endopolygalacturonase II ␤-helix is composed of four ␤-sheets. PB1, PB2b, and PB3 are the endopolygalacturonase II counterparts of PB1, PB2, and PB3, respectively, of pectate lyase. The five-stranded PB2a sheet, located in ␤-helix turns 6 to 10, can be regarded as an N-terminal extension to sheet PB2b. Its strands are connected to those of PB2b via one residue in a left-handed ␣-helix conformation. This residue changes the direction of the main chain by approximately 100°. In pectate lyase, PB1 and PB2 are connected by turns, which are shorter than the strands of PB2a in endopolygalacturonase II. However, even though endopolygalacturonase II has an extra ␤-sheet, its overall shape is the same as that of pectate lyase. The ␤-helix is not perfectly cylindrical, as PB1 and PB2b are almost anti-parallel, with PB3 making an angle of approximately 95 degrees with PB2b (Fig. 1b ). An overview of the strands in the parallel ␤-helix is presented in Table II .
Besides the ␤-strands forming the ␤-helix, two other secondary structure elements are present in endopolygalacturonase II. One is a small two-stranded antiparallel ␤-sheet located in a loop between PB1 and PB2a (residues 290 -292 and 295-296). The other is a small ␣-helix (residues [35] [36] [37] [38] [39] [40] [41] [42] near the N terminus, between the first two strands of PB2a, which shields the hydrophobic core of the ␤-helix at the N-terminal side. Such an ␣-helical "cap" is observed in most ␤-helical structures (35) . Additionally, the C-terminal side of the ␤-helix core is shielded from the solvent, by the C-terminal residues 353-362.
The turns between the ␤-helical strands are named based on the sheets they connect. The turns between PB1 and PB2 (a or b) are referred to as T1-turns, between PB2 (a or b) and PB3 as T2-turns, and between PB3 and PB1 as T3-turns. The T2 turns are the most regular ones. They are short, consisting of one or two amino acid residues, making a smooth connection between PB2b and PB3. The only exception is the T2 turn between ␤8 and ␤9 (see Table II ). It contains four amino acids (residues 102-105), which bulge out of the ␤-helix. The T1-and the T3-turns are more diverse. T1-turns comprise 2-15 amino acids (7, 4, 2, 3, 3, 2, 9, 5, 15, and 5 amino acids for the consecutive turns, respectively) and the size of the T3-turns varies from 2 to 20 amino acids (5, 9, 20, 6, 15, 5, 4, 3, 2, and 4 amino acids for the consecutive turns, respectively). The T1-turns are relatively longer near the C-terminal side of the ␤-helix, whereas the T3-turns are longest near the N-terminal side of the ␤-helix. In this way the loops form two bulky extensions on the exterior of the ␤-helix (Fig. 1b) . Between these extensions a large cleft is present, the bottom of which is formed by PB1. The cleft is approximately 8 Å wide, and well suited to accommo- Glycosylation and Ion Binding Sites-A. niger endopolygalacturonase II contains a single glycosylation site at Asn 240 (21) . In both molecules in the asymmetric unit extra electron density was found extending from this asparagine into which one N-acetylglucosamine residue could be built. No density was visible for additional carbohydrate residues. The N-acetylglucosamine residue points into the solvent region and is not involved in crystal contacts. It is located on the exterior of the ␤-helix, on the opposite side of the cleft where the substrate is supposed to bind.
In addition, two zinc ions were located in the asymmetric unit. Zinc ions are absolutely essential for crystallization of the enzyme from PEG8000, and crystals dissolve if no zinc is present in the mother liquor. In both the A and B molecules, one zinc ion mediates crystal contacts between Asp 110 from one molecule and Asp 308 and Asp 336 from a symmetry-related one. A water molecule is the fourth ligand of each zinc ion.
Four other electron density peaks were interpreted as zinc ions as well, two in each molecule. One is bound to His 223 and is octahedrally coordinated by its N⑀ nitrogen atom and 5 water molecules. The other one is involved in crystal contacts, bound octahedrally to N⑀ of His 96 , the main chain N, and the side chain O␦ atoms of Asp 28 from the non-crystallographic symmetry-related molecule and three water molecules. They have six ligands at a distance of around 2.2 Å. The coordination number, the distance to the ligands, and the height of the electron density peaks are not compatible with the presence of a water molecule at these positions. To confirm the nature of these ions, an anomalous difference Fourier was calculated with data collected at the zinc edge ( ϭ 1.31 Å) (collected at the EMBL X31 beam line at the DORIS storage ring, DESY, Hamburg, Germany). Apart from a 20-peak at the position of the Zn 2ϩ ion mediating the crystal contacts near Asp 110 , Asp 308 and Asp 336 , a 10-peak showed up near His 223 , but no peak was present near His 96 . However, the anomalous data were collected at pH 6.0, the original pH of crystallization, and at that pH histidine side chains may be (partly) protonated reducing the affinity for positively charged ions. This may explain the lower electron density of the peak near His 223 , and the absence of density near His 96 . Indeed, a preliminary refinement of the model against the pH 6.0 data set showed that the occupancy of the ion near His 223 refined to about 0.7, that the density for the putative ion near His 96 had disappeared, and that one of the other ligands of this ion, Asp 28 , had become disordered. Asp 28 is well defined at pH 7.5, the pH of the high resolution native structure. Therefore, we conclude that in the high resolution native structure the electron density peaks near His 223 Gly 224 is buried in the cleft. It has / angles not allowed for other amino acid residues ( is 99°and is Ϫ167°), and no space for a side chain is available (Fig. 2) .
To by Ala resulted in an enzyme with only 0.5% of wild type activity and no effect on the K m for the substrate (38) . Replacement of Asp 180 , Asp 201 , and Asp 202 by Asn and Glu resulted in mutant enzymes that had remaining specific activities compared with wild type of 0.01/0.08%, 0.01/ 0.01%, and 0.6/0.01% for D180E/N, D201E/N, and D202E/N, respectively. The K m values had only changed minimally. In contrast, the R256N and K258N enzymes showed not only a reduced specific activity (14% and 0.8% of wild type specific activity, respectively), but also an approximately 10-fold de- a ␣ L , residues that are in a left-handed ␣ conformation, which connect two adjacent ␤-strands, are shown in one-letter code with their sequence number. Additional secondary structure elements, not shown in this table, are one ␣-helix (residues 35-42) and one two-stranded anti-parallel ␤-sheet (␤32, residues 290 -292, and ␤33, residues 295-296 
DISCUSSION
Comparison to Other Right-handed Parallel ␤-Helix Proteins-The first enzyme found to contain the right-handed parallel ␤-helix motif was pectate lyase C (4). Since then, several other structures with ␤-helical topology have been determined. They comprise several pectin degrading enzymes, namely pectin and pectate lyases, rhamnogalacturonase, and polygalacturonase (4 -10). In addition, right-handed parallel ␤-helix structures have been observed for Bordetella pertussis virulence factor P.69 pertactin (39), a protein involved in polysaccharide recognition, and the phage P22 tailspike protein (40, 41) . This latter protein has rhamnosidase activity.
Of these enzymes, endopolygalacturonase from E. carotovora and rhamnopolygalacturonase A are the most similar to A. niger endopolygalacturonase II, in agreement with their classification into the same glycosylhydrolase homology family, family 28 (15) . The A. niger and E. carotovora endopolygalacturonases have 10 complete turns; the rhamnopolygalacturonase has one additional turn on the C-terminal side. All have four ␤-sheets that form the ␤-helix, and their loop regions are also similar, in both size and location. In the core of righthanded parallel ␤-helix structures, four types of stabilizing side chain-side chain interactions have been recognized: aliphatic stacking interactions, aromatic stacking interactions, asparagine ladders, and serine stacks (13, 14) . The number of interactions and the interaction types are variable. The pectate lyases contain all four interaction types, whereas in the polygalacturonases only aliphatic stacking and aromatic stacking interactions occur. In the endopolygalacturonase II core, aliphatic stacking interactions are predominant ( ).
Comparison of Family 28
Glycosyl Hydrolases-The E. carotovora endopolygalacturonase is the only other polygalacturonase with known structure (10) . This bacterial enzyme shows only 19% sequence identity to the A. niger endopolygalacturonase II. Nevertheless, the two structures are very similar, with 265 equivalent C ␣ atoms (out of 335) superposable with an r.m.s.d. of 1.8 Å. The ␤-helix strands display the highest similarity. E. carotovora endopolygalacturonase has, however, large insertions in the T3 loops of ␤-helix turns 1 and 2. These insertions increase the size of one side of the putative active site cleft in E. carotovora endopolygalacturonase. In contrast, the other side of the cleft, formed by the T1 loops, is similar in size despite some insertions and deletions in the various T1-turns. Notwithstanding the differences in the T1 and T3 loop regions, the width and direction of the cleft are approximately the same in both enzymes. Further differences between the two enzymes are located at the terminal sides of the ␤-helix. Insertions in the N-terminal region make the E. carotovora endopolygalacturonase ␤-helix wider, and a long N-terminal tail, which is absent in A. niger endopolygalacturonase II, folds along the exterior of its ␤-helix. E. carotovora endopolygalacturonase lacks the C-terminal residues 360 -362 that shield the C-terminal end of the core of the ␤-helix. In this respect the A. niger polygalacturonase II more resembles the A. aculeatus rhamnogalacturonase than the E. carotovora polygalacturonase. Additionally, the fungal enzymes contain more structurally aligned residues and the four disulfide bridges are conserved among them, whereas they are not conserved in the E. carotovora endopolygalacturonase. This may indicate that the evolutionary divergence of the fungal ␤-helical proteins from the bacterial ones occurred before the divergence of the polygalacturonases and rhamnogalacturonases.
The Catalytic Mechanism-Two often observed catalytic mechanisms for glycosyl hydrolases involve two acidic residues (42, 43) . In the case of retaining enzymes these residues are involved in a double displacement mechanism, via a covalent glycosyl-enzyme intermediate and their carboxylate groups are spaced at approximately 5.5 Å. In inverting enzymes, the distance between the side chains of the acidic residues is approximately 9.5 Å and catalysis proceeds via a single displacement mechanism. In this mechanism one of the acidic residues acts as a general acid, donating a proton to the glycosidic oxygen of the scissile bond. The second carboxylate acts as a general base, which activates a water molecule that performs a nucleophilic attack on the sugar anomeric carbon.
Endopolygalacturonase II is an inverting enzyme (16) . Surprisingly, the distances between the absolutely conserved aspartates (average of the O␦1-O␦1, the O␦1-O␦2, the O␦2-O␦1, and the O␦2-O␦2 distances) are 4. family 28 enzymes do not conform to the "standard" inverting mechanism.
Further insight into the catalytic mechanism was obtained by a comparison of the A. niger polygalacturonase structure with that of the phage 22 tailspike rhamnosidase (40) . This protein, which has not been classified into a glycosyl hydrolase family, resembles the ␤-helix fold of the family 28 enzymes. It has also three acidic residues in the active site (Glu 359 , Asp 392 , and Asp
395
). Carbohydrate binding experiments with this protein suggested catalytic functions for these three residues (41, 44) . A water molecule is bound between Glu 359 and Asp 395 in a position suitable for direct nucleophilic attack of the C1 carbon atom of the scissile glycosidic bond. The Asp 392 side chain is at hydrogen bonding distance from the O1 atom of the Ϫ1 sugar (see Davies et al. (45) for binding site nomenclature), suggesting that it may be the proton donor in the reaction (41, 44 2 In the proposed orientation of the substrate, residue 282 would be part of subsite ϩ2. The mutant retained 60% of wild type activity, but its product bond cleavage frequencies on penta-and hexagalacturonides had changed. Compared with wild-type enzyme, more galacturonate monomers were produced and fewer dimeric oligosaccharides. This is consistent with Asp 282 being part of subsite ϩ2 and the existence of four subsites binding the nonreducing end of the oligosaccharide.
Further support for the proposed direction of substrate bind- 256 , which is conserved in the polygalacturonases only, probably constitutes subsite ϩ1. This would agree with our proposed direction of substrate binding.
The mechanism described above provides no obvious role for the catalytic residue His 223 . However, the Ϫ1 rhamnose residue in the tailspike protein was observed in a distorted boat conformation, and modeling of an undistorted galacturonate trimer (46) in the active site of endopolygalacturonase II leads to clashes between the enzyme, close to His 223 , and the galacturonate residue in the ϩ1 subsite. Moreover, upon substrate binding, breaking of the hydrogen bond between the O2 of the galacturonate moiety in subsite ϩ1 and one of the carboxylate group atoms of the residue in subsite Ϫ1 would facilitate departure of the leaving group. His 223 may play a role in the breaking of this hydrogen bond. Alternatively, it may aid in the distortion of the galacturonate residue in subsite Ϫ1. Further research is required to unambiguously establish the precise role of His 223 in catalysis. In summary, our approach of x-ray crystallography combined with site-directed mutagenesis of A. niger endopolygalacturonase II has revealed for the first time a possible catalytic mechanism for family 28 glycosyl hydrolases. Asp 201 is proposed to act as the acid (proton donor), while Asp 180 and Asp 202 activate the hydrolytic water molecule. Despite an arrangement of active site residues completely different from that normally observed in inverting glycosyl hydrolases (43) , the concerted action of an acid and a base has been conserved.
